Structural details of the dictyosomal pores in several plant cell types are described from tangential and cross sections of Golgi cisternae. Frequency distributions of the sizes of such Golgi pores are given and compared with the corresponding values of nuclear pores in the same cells. Golgi pore inner diameters are less homogeneously distributed and can be as small as 100 A or less. They are not simply cisterna I holes, but are often associated with centrally located electron dense granules or rods and with inner pore filaments. This organization, which is very common in dictyosomal pores in plant and animal cells, has some similarities with the structural architecture of nuclear envelope and annulate lamellar pore complexes. The particulate material associated with the dictyosomal pores shows spatial and structural relationship to cytoplasmic ribosomes. Possible modes of Golgi pore formation and some consequences of these observations for interpretation of nuclear pore structures are discussed.
The occurrence of "fenestrae" or "pores" within cisternae of dictyosomes and endoplasmic reticulum (ER) is a structural feature with which every electron microscopist is familiar. Such "pores" are clearly distinguished from the class ic "pore complexes" of the nuclear envelope and the annulate lamellae by the absence of the characteristic nonmembranous structures of the pore complexes, for instance, the annular components (for reviews see, e.g., 5, 12, 15, 25, 28) . No detailed study, however, has so far dealt with the ultrastructure of the cisternal pores in dictyosomes and ER.
MATERIALS AND METHODS
Pollen tubes of Lilium longijlorum and Clivia miniata grown on the surface of a 10 % sucrose solution with 10 ppm of boric acid, were fixed with glutaraldehyde and osmium tetroxide according to the previously described procedures (7) . Cultures of Haplopappus gracilis were grown and fixed in a simi lar fashion (l0). Root tips and stem sections of onion (Allium cepa) and cress seedlings (Lepidium sativum) were fixed as described elsewhere (5) . Embedding and sectioning procedures used can also be seen from these previous articles. Micrographs were taken with a Siemens Elmiskop lA or 101.
RESULTS
In all plant cell types studied , the cisternae of the forming (proximal) face of the dictyosomes were characterized by frequent fenestrae (e.g., Fig. 1 ). Only very occasionally were such fenestrae encountered with more distal cisternae of the Golgi apparatus (Figs. 4 and 5) . A conspicuous feature of the forming face in the pollen tube material was its close and consistent association with a distinct " free" (i.e., nonmembrane bound) polysome (dictyosome-associated polysome, dP in Figs. 1-6 ). Closer inspection of the fenestrae, however, revealed that they were not just "holes" filled with the cytoplasmic groundsubstance but contained distinct substructural components within them. The most prominent among these was central electron opaque material which appeared in cross section most frequently as a thin , up to 500 A long, rodlike element (Figs. 1 and 5 ). Often this central rod in the Golgi fenestrae seemed to be associated with the ribosomes of the dictyosomal polysome on its proximal end (e.g., Figs. 1 and 5). In other situations the central element was more suggestive of a granular structure (Figs. 4 and 5) .
Figures 2-5 show configurations that may be interpreted as representing stages in the formation of such pores. At certain sites the two membranes constituting a cisterna protruded toward each other and could come into local contact (Figs. 2  and 3 ). This obviously can occur multiply and simultaneously within one cisterna, with a more or less regular spacing between the fusion sites (e.g. , Fig. 2) . A later stage in pore formation might be represented by the situation seen in Fig. 4 : in the course of a membrane rearrangement, a hole was produced at such fusion sites the margins of which very often showed direct strandlike connections with the ribosomes of the dictyosome-associated polysome (Figs. 4 and 5) . The majority of the pores were larger than 250 A in diameter. However, at higher magnification a class of very small pores with diameters of 150 A and below was seen (Figs. 4 and 6 ). The typical trilaminar membrane substructure can be traced along the margin of such "minipores" (Fig. 6 ) and clearly shows their true porous nature.
A corresponding view was obtained from sections tangential to dictyosomal cisternae. Figure 7 shows sections grazing a No. 2 cisterna, determined from a section series (cisternae are counted from proximal to distal face, according to the mode indicated in Fig. J ) in the lower part and a No. 3 cisterna in the upper part. The more proximal cisternae were recognized by numerous fenestrae, particularly in its periphery, whereas such fenestrae are less frequent the more distal one proceeds in the direction of the dictyosomal axis. Again the very center of such pores was marked by a ca. 100-200 A thick electron dense element which bears strong resemblance to the descriptions of the so-called "central granules" in the pores of the nuclear envelope and the annulate lamellae (e.g., 5, 12, 16, 22) . This similarity with nuclear pores goes even further in that the central granules sometimes were seen connected with the pore circumference by thin filaments (Figs. 7 and 8). In No. 1 Golgi cisternae (e.g., Fig. 8 ), which very often were so porous that they represented a network rather than a cisternal sac, the pores were often very large and the central element here showed a strong similarity in size and contrast to the ribosomes in the cytoplasm nearby (Fig. 8) . The pores were not always strictly circular but often displayed somewhat more ellipsoidal or irregular outlines, in particular in the most proximal cisternae.
"Minipores" were also identified in tangential section (Fig. 9) , where their diameter could be measured with a relatively high precision. When dictyosomal pore sizes were compared with luminal widths of the nuclear pore complexes in the very same cell type, one obtained a distribution shown, for example, in the case of Haplopappus tissue culture cells in Fig. 10 : nuclear pore complexes are different by being generally larger and more homogeneous in distribution of size frequency.
Other interesting structures that were repeatedly observed in the course of the present study were (a) the inter-and intracisternal rods and crosslink elements recently described (Figs. 1-6) (8, 20) , and (b) membranous bridge profiles which span the cisternallumen (e.g., Fig. 6 ).
DISCUSSION
The above description of the substructure of the porous interruptions in cisternal sacs of dictyosomes contains two findings which are especially relevant to our understanding of cytomembranes.
A. The sizes of the dictyosomal pores are variable. However, the existence of truly membrane-surrounded pores of 150 A and less inner diameter is a novel observation and is especially noteworthy since the existence of such small "minipores" in general had been excluded on theoretical grounds relating to the molecular architecture of 6 . Lilium pollen tube dictyosomes in cross section showing a clearly delineated "mini pore" (a rrow). As is clearly seen in inset, the membrane structure is continuous around the pore margin (denoted by the small arrows). Note also the intracisternal membra ne crosspiece betweeen the arrowheads (see inset). x 196000; inset, x 370000.
biomembranes (e.g., 22). It was estimated that radii of curvature of less than 150 A would be unstable assuming classic bimolecular leaflet arrangement according to the concept of Danielli and Davson (22) . Since these "mini pores" are hard to identify on the electron microscopic screen in both tangential and cross sections of cisternae, it is very probable that they have been simply overlooked in the previous electron microscopic work on cytomembranes. We believe that they occur generally in ER and dictyosomal cisternae. Moreover, we would also not exclude the possibility that their occurrence is not limited to associations of "homologous" membranes (ER, nuclear envelope, dictyosome cisterna, annulate lamellae), but that they may also occur with associations of "heterologous" membranes, such as the outer mitochondrial or plastidal double membranes. It remains an open question whether these "minipores" are stable structures or represent just snapshots of transitory local membrane breakage-fusion processes. B. Additionally, the present study demonstrates that the "fenestrae" in dictyosomal cisternae are not simple interruptions, but can be associated with characteristic ultrastructural elements of a nonmembranous nature. The chief classes of such structures are: (i) Central dense granules or rods which show a high staining affinity to the uranyl and lead salts used in thin section electron microscopy. The frequent connections and associations of these central particles with the cytoplasmic ribosomes, as well as their behavior in a variety of cytochemical tests including the EDT A method of Bernhard (2), suggest that the central particles are of a ribonucleoprotein nature. (ii) Filamentous structures can also be recognized within the dictyosomal pores. Often these filaments appear to radiate from the central element and connect it to the pore walls.
It is obvious that these structural details represent a strong homology to the organization of the pore complexes of the nuclear envelope and the annulate lamellae. It therefore appears, e.g., that "central granules" are not structures unique to the nuclear and annulate lamellae pores. It should also be noted that the occurrence of central granules in the pores of ER and dictyosomal cisternae is not limited to the plant cells dealt with in the present study, but is very common in other plant and animal cells as well, including such diverse material as sea urchin oocytes, mammalian (3, 4, 16, 17, 23, 27) . It is also interesting to note in this connection that the abovedescribed elements of the dictyosomal pore interior remain attached to the cisternal membranes during isolation of sea urchin oocyte dictyosomes (Scheer, unpublished observation). From this we conclude that the presence of the filamentous and granular elements is a phenomenon common to pores of various cytomembrane systems and that their formation may have more to do with the processes of pore formation in general (compare the scheme in reference 6) than with being specifically indicative of the ribonucleoprotein particles migrating through the pore center (cf. 9, 26). The view that the central granules and the inner pore filaments form in the course of local membrane breakage and fusion events is further supported from their occurrence in the pores ("fenestrae") of the capillary endothelium (11, 17, 20) . What, however, causes such pores to form with such a high frequency and at such preferential sites as the nuclear envelope and the forming face of the dictyosomes, for instance? A clue to this problem might perhaps come from the observation of the close spatial relationship of pores with ribonucleoprotein material. Situations like those shown, for instance, in Figs. 1,4 , and 5 suggest that the cytoplasmic ribosomes are involved in pore formation processes. Among the known chemical components of such ribonucleoprotein particles, neither the nucleic acid moiety nor the proteins associated are likely to induce local membrane lesions or porelike holes. A third component, however, which is consistently found in such particles in considerable quantities, the spermidine (e.g., 13,24), would constitute a strong candidate for local membrane damaging through a disordering effect of its positive charges onto the negatively charged membrane surfaces (cf. also 1, 14). However, experiments directed to examine the effect of such positively charged compounds on cytomembranes are required to check this hypothesis.
